Most breast cancers arise from luminal epithelial cells and 25 -30% of these tumours overexpress the ErbB-2 receptor. Herein, a non-transformed, immortalized cell system was used to investigate the effects of ErbB-2 overexpression in luminal epithelial cells. The phenotypic consequence of ErbB-2 overexpression is a shortening of the G1 phase of the cell cycle and early S phase entry, which leads to hyperproliferation. We show that this effect was mediated through the up-regulation of cdk6 and cyclins D1 and E, and enhanced degradation and relocalization of p27 Kip1 . These changes were effected predominantly through enhanced MAPK signalling, resulting in cdk2 hyperactivation. PI3K signalling also participated in cell cycle progression, since PI3K and MAPK coordinately regulated changes in cyclin D1 and cdk6 expression. Cdk4 activity was not required for cell cycle progression in these cells, and was constitutively inhibited through its association with p16
Introduction
The overexpression of ErbB family members and their ligands has been implicated in the progression of many different types of cancer (reviewed in Yarden and Sliwkowski, 2001) . Notably gene amplification and overexpression of ErbB-2 occurs in 25 -30% of invasive ductal carcinomas of the breast. These cancers arise from the luminal epithelial cell-type, and are associated with poor prognosis (Harari and Yarden, 2000; Slamon et al., 1987) . ErbB-2 overexpression is known to enhance tumour cell proliferation, metastasis and chemoresistance, although the exact mechanisms by which these effects are mediated are not yet fully understood.
It has been proposed that ErbB-2 overexpression results in the constitutive activation of ErbB receptor heterodimers, and indeed, ErbB-2 is the preferred heterodimerization partner for the other ErbB family members Karunagaran et al., 1996; Tzahar et al., 1996) . Thus, although ErbB-2 has no known ligands, all EGF family growth factors can induce its activation via heterodimeric receptor interactions. The consequence of increased receptor activation is the increased recruitment of signalling intermediates involved in such cellular processes as proliferation, migration, and survival. However, it has also been proposed that increased activation of ErbB-2-containing heterodimers may also allow cells to evade normal receptor inactivation processes, thereby prolonging signal duration and promoting growth factor independence and survival (Harari and Yarden, 2000) .
The major downstream pathways triggered by activated ErbB receptors are the mitogen-activated protein kinase (MAPK), stress-activated protein kinase (SAPK), phosphatidylinositide 3'-kinase (PI3K), p70S6 kinase (p70S6K) and protein kinase C (PKC) pathways (Yarden and Sliwkowski, 2001) . The activation of the MAPK and SAPK pathways have been shown to be enhanced and prolonged in ErbB-2 overexpressing cells, suggesting that they may confer a major transforming signal (Ben-Levy et al., 1994; Karunagaran et al., 1996) . This appears to be mediated by increased recruitment of the adaptors Grb2 and Shc (upstream activators of Ras/MAPK signalling) to activated ErbB-2 (Dankort et al., 1997 (Dankort et al., , 2001 ). In addition, the PI3K pathway has also been implicated in ErbB-2-mediated evasion of apoptosis , and in ErbB-2-induced invasion of mammary epithelial cells (Ignatoski et al., 2000) .
One of the major cellular processes affected by ErbB-2 signalling is the cell cycle. Progression through G1-phase and entry into S phase is regulated by the activation of G1 phase cyclin-dependent kinases, namely cdk2, cdk4 and cdk6. These phosphorylate and inhibit the retinoblastoma gene product (pRb), releasing E2F transcription factors for induction of genes required for S phase progression and DNA synthesis . Cdk activation is regulated by specific phosphorylation and dephosphorylation events, and by binding to cyclins, D-type cyclins in the case of cdk4 and cdk6, and cyclin E in the case of cdk2. It is the mitogen-dependent expression of these cyclins that is critical for cdk activitiy and cell cycle progression. Two families of cdk inhibitor, the INK4 and Kip/Cip proteins, also influence G1/S phase progression (reviewed in Sherr and Roberts, 1999) . INK4 proteins act by preventing cyclin D-cdk4/6 association, and are involved in such cellular processes as senescence, development and antigrowth factor signalling, whilst Kip/Cip proteins inhibit pre-existing cyclin-cdk complexes. Despite their apparent inhibitory roles, recent evidence also suggests that p21
Cip1/WAF1 and p27 Kip1 (p21 and p27 hereafter) are actually required for cyclin D-cdk complex assembly and activation (Cheng et al., 1999; LaBaer et al., 1997; Sherr and Roberts, 1999; Weiss et al., 2000) . It is likely therefore, that specific threshold levels and/or the sub-cellular localization of these molecules play a critical role in determining their inhibitory capacities.
Cyclin D1 overexpression has been reported in many breast tumours and appears to be a major downstream target of ErbB-2-mediated transformation (Bartkova et al., 1994; Fredersdorf et al., 1997; Weinstat-Saslow et al., 1995) . Indeed, transgenic mice overexpressing cyclin D1 in mammary gland exhibit proliferative abnormalities and an increased incidence of breast tumours (Wang et al., 1994) . More importantly, cyclin D1 was recently shown to be necessary for both activated ErbB-2 and Ras-induced malignant transformation of murine mammary epithelial cells (Yu et al., 2001) . These findings reinforce the link between ErbB-2 overexpression, enhanced Ras/MAPK signalling and cyclin D up-regulation in promoting breast epithelial cell transformation. Cyclin D1 expression is increased by transcriptional up-regulation through the MAPK and/or PI3K/Akt pathways (Gille and Downward, 1999; Lenferink et al., 2001; Takuwa et al., 1999) , although the exact contribution each pathway makes is unclear. Cyclin D1 is also regulated at the posttranscriptional level via several PI3K/Akt-dependent mechanisms (Diehl et al., 1998; Dufourny et al., 2000; Muise-Helmericks et al., 1998) . While there is little evidence to suggest that cyclin E expression is directly regulated by MAPK or PI3K signalling, the initial formation of cyclin D-cdk4/6 complexes may drive formation of activated cyclin E-cdk2 complexes through the sequestration of cdk inhibitors (Musgrove et al., 1996; Perez-Roger et al., 1999; Sherr and Roberts, 1999) .
ErbB-2 overexpression has been correlated with down-regulation of p27 with concomitant enhancement of G1 phase cyclin-cdk activity (Catzavelos et al., 1997; Fredersdorf et al., 1997; Porter et al., 1997) . This correlation has been attributed to enhanced degradation or redistribution/sequestration of p27 (Lane et al., 2000; Lenferink et al., 2001; Yang et al., 2000) . The signalling pathways responsible for increased p27 degradation in tumour cells are unclear, but upregulation of both MAPK and PI3K signalling has been implicated (Busse et al., 2000; Hoshino et al., 2001; Lenferink et al., 2001; Yang et al., 2000) . These pathways may act via cdk2, which phosphorylates p27, directing it for ubiquitin-mediated degradation (Sheaff et al., 1997; Vlach et al., 1997) . Recent evidence also suggests that p27 is transcriptionally regulated via PI3K/Akt-mediated inhibition of forkhead transcription factors (Dijkers et al., 2000; Medema et al., 2000) . The role of p21 in cellular transformation is less clear. It can be induced by both p53-dependent and independent mechanisms, and has been shown to mediate cell cycle arrest in response to stimuli that cause DNA damage, differentiation, senescence or apoptosis (Deng et al., 1995; Macleod et al., 1995; Stein et al., 1999) . Moreover, the upregulation of p21 has been linked to chemoresistance in ErbB-2 overexpressing cells (Yu et al., 1998) . p21 is also induced in some cell types in response to mitogens or matrix attachment through either MAPK (Bottazzi et al., 1999) or PI3K-dependent mechanisms . The functional significance of this induction is unclear, but it may be required as a positive regulator of cell cycle progression by promoting the assembly of cyclin D-cdk complexes (see above).
In this study, we investigated the cellular effects of ErbB-2 overexpression on proliferation and cell cycle regulation in a model cell system of human mammary luminal epithelial cells.
Results

ErbB-2 overexpression in breast luminal epithelial cells results in enhanced proliferation and cell cycle progression
In order to better understand the effects of ErbB-2 overexpression on the growth and cell cycle of mammary luminal epithelial cells, we undertook a biological and biochemical comparison of 'normal' parental HB4a luminal epithelial cells and the ErbB-2 overexpressing C3.6 clone. Firstly, we confirmed that ErbB-2 overexpression results in increased proliferation ( Figure 1a ) (Harris et al., 1999) . C3.6 hyperproliferation was more noticeable when cells were seeded at higher densities, suggesting that ErbB-2 overexpression may also suppress contact growth inhibition in cultured cells. The C3.6 cells also showed enhanced proliferation when treated with low doses of EGF and HRGb1 (EGFR-and ErbB-3-specific ligands, respectively) (Figure 1b ). This demonstrates that ErbB-2 overexpression enhances proliferative signalling in response to signalling through distinct ErbB receptors. The observed proliferative response was equivalent for the two growth factors, although lower than that induced by serum.
In order to characterize the effects of ErbB-2 overexpression on the luminal epithelial cell cycle, we first carried out an analysis of DNA content, comparing exponentially growing (10% FCS), serumstarved, and mitogen-treated (HRGb1, EGF or 10% FCS) cells. Results in Figure 1c show that under virtually all conditions, there were a higher proportion of C3.6 cells in S-and G2/M-phase. As expected, serum-starvation increased the number of cells in G0/ G1, with a concomitant decrease of cells in G2/M. However, a larger proportion of the C3.6 cells could not be rendered quiescent compared to the HB4a cells. These data suggest that constitutive receptor signalling can drive the C3.6 cells through the cell cycle even in the absence of mitogens. After 24 h of stimulation with EGF, HRGb1 or 10% FCS, a higher proportion of the C3.6 cells had entered S phase compared with the HB4a cells (Figure 1c) . The responses to EGF and HRGb1 were similar, and less potent than serum. Notably, a higher proportion of the C3.6 cells had a DNA content of greater than 4n (accounting for the remaining percentage of gated cells in the analysis). This result may indicate that additional rounds of DNA replication without cellular division can occur in response to ErbB-2 overexpression. A very low and equivalent sub-G1 DNA content in both cell lines indicated minimal apoptosis under these conditions (data not shown). Taken together, these data show that ErbB2 overexpression in breast luminal epithelial cells results in early S phase entry following mitogen treatment, and that significant cell cycling can occur in the absence of mitogens.
ErbB-2 overexpression enhances MAPK signalling, but not PI3K signalling
We next examined the effect of ErbB-2 overexpression on the activation of key intracellular signalling pathways triggered in response to EGF compared to HRGb1 stimulation. These two ligands were used to test the effect of signalling from different activated heterodimer receptor complexes. ERK1/2 activation and expression of c-myc were both elevated in C3.6 cells, and were higher following EGF treatment compared with HRGb1 ( Figure 2a) . We also observed enhanced activation of p90RSK1, a downstream target of MAPK signalling (data not shown). Conversely, Akt activation was found to be lower in EGF-treated C3.6 cells compared with the HB4a, although it was equivalent in the two cell types treated with HRGb1 ( Figure 2a ). Taken together, these data show that ErbB-2 overexpression enhances signalling through the MAPK, but not PI3K pathway.
Since the nature and extent of downstream signalling in response to EGF-like ligands is likely to be determined by the levels of all four ErbB receptor family members, we assessed there relative expression levels in the two cell lines under different growth conditions ( Figure 2b ). EGFR levels were approximately fivefold lower in the C3.6 cell line, and decreased in both cell lines in response to EGF, but not HRGb1 treatment. Conversely, ErbB-3 expression was slightly higher in the C3.6 cells, and both HRGb1 and EGF treatment resulted in ErbB-3 down regulation, although the response was more rapid with HRGb1 (compare 4 and 8 h treatments in Figure  2b ). We were unable to detect ErbB-4 expression in these cell lines. These data not only suggest that both EGFR and ErbB-3 are down regulated by ligandinduced internalization/degradation, but also that ErbB-2 can modulate the expression of the other ErbB family members. We are currently investigating this phenomenon.
Regulation of cell cycle proteins in response to ErbB-2 overexpression
To further characterize the molecular determinants of the shortened G1 phase in the ErbB-2 overexpressing cells, we analysed the expression levels of key cell cycle regulators. Expression of the cdk inhibitor p27 was lower in the C3.6 cells, and was reduced even further in response to EGF, HRGb1 or serum treatment ( Figure  3 ). This effect was completely blocked by co-treatment of cells with a potent proteasome inhibitor, PS-341 (Adams et al., 1999) ; (Figure 3b ). This indicates that p27 is targeted to the proteasome in response to mitogen treatment, a process that is augmented by ErbB-2 overexpression. Surprisingly, the related inhibitor p21 was transiently induced; reaching maximal levels 3 -5 h post-stimulation, although levels had returned to basal prior to S phase entry (18 -24 h). This reduction was proteasome-dependent, as shown by co-treatment with PS-341 ( Figure 3b ). ErbB-2 overexpression had little effect on p21 induction, although higher levels were retained in the HB4a cells following its degradation (Figure 3c ). Cyclin D1 was also induced in response to EGF, HRGb1 and serum treatment (Figure 3) , with levels returning to basal by 15 h (prior to S phase entry), and in a proteasome-dependent manner. Notably, the induction was more rapid, and its expression higher in C3.6 cells following growth factor treatment. Cyclin D1 was also detectable at low levels in serum-starved C3.6 cells, which could be indicative of growth factorindependent signalling. Cyclin D3 is also expressed in these cells, but its expression level was unaffected by ErbB-2 or mitogen treatment (data not shown). We were unable to detect cyclin D2 in these cells. Cyclin E and cdk6 expression levels were also higher in the C3.6 cells and were shown to increase upon mitogen treatment, reaching maximal levels around S phase entry (see Figure 3 ). Cdk2 and cdk4 expression was unaffected by growth factor treatment or ErbB-2 overexpression.
A comparison of the effects of EGF and HRGb1 treatment showed that EGF is more potent than HRGb1 in inducing p21, cyclin D1 and cdk6 expression (Figure 3c ), and this likely reflects the increased potency of EGF in activating MAPK signalling ( Figure 2a ). The kinetics of mitogen-induced p27 degradation and cyclin E expression were similar for the two ligands, although re-expression of p27 was suppressed for longer in HRGb1-treated C3.6 cells. In addition, cyclin D1 expression was sustained in HRGb1-treated C3.6 cells up to at least 34 h, albeit at low levels. Taken together, these data suggest that EGF induces a more potent activation of cell cycle signalling, whereas HRGb1 induces a more sustained signalling. Importantly, both of these effects are enhanced by ErbB-2 overexpression.
We also examined the levels of cell cycle regulators and activation of MAPK and PI3K pathways in another ErbB-2 overexpressing clone, C5.2 ( Figure  3d ). This analysis was included to rule out the possibility that clonal variation may have led to the observed alterations in cell signalling components. Clone C5.2 cells have an even higher level of ErbB-2 expression than C3.6, and a concomitantly increased proliferative rate (data not shown and Harris et al., 1999) . This analysis of exponentially growing cells showed that ERK1/2 activation, c-myc, cyclin D1, cyclin E and cdk6 expression all correlated with ErbB-2 overexpression, whilst p27 levels were reduced in the ErbB-2 overexpressing clones. Interestingly, we also observed increased Akt activation in the exponentially growing C5.2 cells (Figure 3d ). These data suggest that very high levels of ErbB-2 expression may lead to constitutive PI3K and Akt activation.
Inhibition of intracellular signalling pathways
To further delineate the pathways involved in aberrant ErbB-2-dependent cell cycle regulation, we treated cells with various inhibitors prior to mitogenic stimulation. Treatment with LY294002 (a PI3K inhibitor) only very slightly abrogated mitogendependent p27 degradation (Figures 3b and 4 ). Its expression (over 3 h of treatment) was also unaffected by PD098059 (a MAPK pathway inhibitor) or rapamycin (an inhibitor of p70S6K-mediated translational regulation) (Figure 4b ). EGF-induction and subsequent degradation of p21 were also unaffected by LY294002 or rapamycin, but its induction was partially inhibited by PD098059 treatment. LY294002 and PD098059 were both found to abrogate EGFinduced cyclin D1 expression, and simultaneous treatment with both inhibitors reduced levels to those seen in unstimulated cells. Rapamycin had no effect on cyclin D1 levels. Notably, LY294002 also significantly inhibited cdk6 expression, pointing to the existence of a novel PI3K-dependent signalling pathway (Figure 3b ). These data confirm that both PI3K-and MAPK-dependent signalling co-ordinately regulate the expression of key cell cycle proteins downstream of ErbB receptors.
ErbB-2 overexpression results in cdk2 and cdk6 hyperactivation
We have shown that ErbB-2 overexpression alters the expression of G1/S phase regulators in response to mitogens, but the functional consequences of this are unclear. We therefore examined the catalytic activities of various cyclin-cdk complexes by in vitro kinase assay. Using histone H1 as a substrate, we observed elevated cdk2 activity in serum-starved C3.6 cells, suggestive of constitutive signalling (Figure 5a ). Under such conditions, when p21 levels are low, the observed difference in cdk2 activity seemed to correlate more with p27-cdk2 association, although it was difficult to visualize p27 in cdk2 immunoprecipitates due to crossreactivity with the co-migrating IgG light chain ( Figure  5a ).
Cdk2 activity was increased at the onset of S phase (23 h) in response to EGF in both cell lines, but was fivefold higher in the ErbB-2 overexpressors ( Figure  5a ). Cyclin A-and cyclin E-associated cdk2 activities were also elevated in these cells (data not shown). Surprisingly, cdk2 activity was reduced at intermediate time points, correlating with maximal p21 induction and p21-cdk2 complex formation (Figure 5a,b) . Indeed, by comparing p21 levels in cdk2 and p21 Figure 3 Comparison of mitogen-stimulated cell cycle regulator levels in normal and ErbB-2 overexpressing cells. (a) Long-term EGF-stimulated responses. Serum-starved cells were stimulated with EGF (1 nM), lysed at the indicated times and specific proteins detected by immunoblotting. Anti-ERK2 blots were reprobed with an anti-phosphoERK1/2 Ab, however, residual non-phosphoERK2 staining was still visible on these 'reprobes'. (b) Serum-stimulated responses and the effect of PI3K and protesome inhibition. Serum-starved cells were stimulated with 10% FCS, lysed at the indicated times, and proteins detected by immunoprecipitates under conditions of immunodepletion, we showed that 30 -50% of total cellular p21 became associated with cdk2 ( Figure 5a, lower panel) . Thus, induction of p21 mediates a mid G1 phase inhibition of cdk2 activity by direct association.
Cdk6-associated kinase activity (measured using GST-pRb as a substrate) did not change substantially with EGF treatment, although its activity was elevated in the C3.6 cells (Figure 5b ). This reflects the increased expression of both cdk6 and its binding partner, cyclin D1, in these cells. Notably, cdk6 activity was not inhibited during p21 induction, despite a detectable association of p21 and cyclin D1 during this period (Figure 5c ). Cdk4 kinase activity was barely detectable in either cell type under any of the conditions tested, despite its expression (Figure 3b ) and our ability to immunoprecipitate the protein (data not shown). Interestingly, the extent of cyclin E-cdk2 association was reduced at 23 h stimulation, when cdk2 activity was maximal. This shows that the extent of cyclin Ecdk2 association does not necessarily reflect the kinase activity, but also suggests that p21 may stabilize an inactive cyclin E-cdk2 complex.
To further investigate the mechanisms of cdk2 activation, we again employed various inhibitors. The MEK inhibitor PD184352 had little effect on cdk2 activity (Figure 5c ). However, a dose of 50 nM proved sub-optimal for MAPK inhibition, and repeat experiments with higher concentrations and other MEK inhibitors were shown to substantially reduce S phase cdk2 activity, and in a dose-dependent manner ( Figure  5d ). This effect may be mediated through p27, since serum-induced p27 degradation was also abrogated by inhibition of MEK in a dose-dependent manner. This finding demonstrates that MAPK signalling plays a prominent role in cdk2 regulation, possibly through its effects on p27 degradation. LY294002 also reduced cdk2 activity independently of p21-cdk2 association (Figure 5c,d) . However, this was concomitant with a reduced cdk6 expression, with little effect on p27 (Figure 5d ). PS-341 inhibition produced the largest reduction of cdk2 activity, reducing it to below prestimulation levels (Figure 5c ). This inhibition was mediated via increased p21-cdk2 association (a consequence of blocking p21 degradation), and resulted in a potent G1 phase arrest (data not shown). Together, these inhibitor studies show that both MAPK-and PI3K-dependent signalling, acting through p27 and cdk6, respectively, and together through cyclin D1, are necessary for full cdk2 activity, but also that a proteasome-dependent degradation of p21 is also required for S phase entry. p27 determines cdk2 activity in serum-starved and exponentially growing luminal epithelial cells
To further assess the role of p27 in regulating cell cycle progression in luminal epithelial cells, we compared its association with specific cyclins and kinases, and measured kinase activities in serum-starved and exponentially growing cells; conditions under which Figure 4 Effect of inhibitors on EGF-regulated cellular responses. (a) Time-course of effects of LY294002 and PS-341 on p27, p21 and cyclin D1 levels in EGF-stimulated HB4a cells. Serum-starved HB4a cells were co-treated with EGF and inhibitor (added 30 min prior to stimulation). Cells were lysed at the indicated times and protein levels compared by immunoblotting. Serum-starved (0.1% FCS) and randomly growing cells (10% FCS) were also analysed as controls. (b) Effect of inhibitors on protein levels 3 h post EGF stimulation. Serum-starved HB4a and C3.6 cells were pre-treated for 30 min with inhibitors: 10 mM LY294002 (LY), 50 mM PD098059 (PD), 50 nM rapamycin (Rap), a combination of LY294002 and PD098059 (LY/PD), 10 mg/ml cycloheximide (CHX), or DMSO (Ctrl). Cells were stimulated with 1 nM EGF for 3 h, lysed and protein levels determined by immunoblotting. Non-treated (7) cells were run as control. MAPK and PI3K inhibition was monitored with phospho-specific ERK1/2 and Akt Abs. All blots are representative of three independent experiments immunoblotting. Cells were also co-treated with 10 mM LY294002 (LY) or 0.1 mM PS-341 (PS) for 23 h, and were added 30 min prior of FCS addition. (c) Effect of ErbB-2 overexpression on cell cycle regulator levels in response to serum withdrawal, EGF and HRGb1 treatment. Levels of the indicated proteins were compared by immunoblotting lysates from randomly growing (748 h/10% FCS), 24 and 48 h serum-starved (724 h and 0 h/0.1% FCS), and EGF-and HRGb1-treated cells (both used at 1 nM for the indicated times). All blots are representative of at least three independent experiments. (d) Expression of cell cycle regulators and signal activation in independent cell clones. Exponentially growing HB4a, C3.6 and C5.2 cells were lysed and the levels of the indicated proteins were compared by immunoblotting ErbB-2 overexpression in luminal epithelial cells JF Timms et al Figure 5 ErbB-2 overexpression enhanced cdk2 and cdk6 kinase activity. (a) Enhanced cdk2 activity depends upon p21-and p27-association. Cdk2-associated in vitro histone H1 kinase activities were compared in serum-starved and EGF-stimulated cells. Levels of cdk2-associated p21 and p27 were determined by immunoblotting anti-cdk2 immunoprecipitates (IPs). The lower panel shows p21 levels in anti-p21 and anti-cdk2 IPs under conditions of immunodepletion. (b) ErbB-2 overexpression elevates cdk2 and cdk6 activity, but not cdk4 activity. Cdk2-, cdk6-and cdk4-associated in vitro kinase activities were compared from starved and EGF-stimulated cells using GST-pRb as substrate. p21 and cyclin E levels were also compared by immunoblotting anti-cdk2 IPs and total cell lysates (TCLs) (lower panel). (c) Effects of inhibitors in EGF-induced cdk2 activity. Cdk2-associated histone H1 kinase activity was compared in EGF-stimulated cells co-treated with LY294002, PD184352 and PS-341 for the indicated times. Inhibitors were added 30 min prior to EGF treatment. Cdk2-associated p21 and cyclin E were compared by immunoblotting anti-cdk2 IPs. p21-associated cyclin D1 and cdk2 were compared by blotting anti-p21 IPs (d) Cdk2 activity is dependent upon both MAPK and PI3K signalling. Cdk2-associated histone H1 kinase activities were compared in C3.6 cells co-treated with 10% FCS plus inhibitors (UO=UO126, PD18=PD184352, PD09=PD098059, LY=LY294002) at the indicated doses for 24 h. A serum plus vehicle-treated sample was run as control (Ctrl). Total cell lysates were blotted for cdk6, p27 and activated ERK1/2. All blots and kinase assays are representative of at least three independent experiments p21 expression is relatively low (Figure 6a ). Importantly, much less cdk2 was associated with p27 in C3.6 cells under both growth conditions. This association correlated with the relative expression of p27 in the two cell types, and was inversely correlated with cdk2 activity (Figure 6a,b) . Thus, p27 is a major regulator of cdk2 activity under these conditions.
There was little detectable association between p27 and either cyclin D1, cdk4 and cdk6 in either cell type, despite near immunodepletion of p27 from lysates (Figure 6a,c) . Moreover, we detected a significant p27-associated kinase activity towards GST-Rb (Figure 6b) . Thus, p27 cannot account for reduced cdk4 and cdk6 activity in HB4a cells. We also observed appreciable p21-associated kinase activity towards GST-Rb (but not H1) in exponentially growing cells (Figure 6b and data not shown). Thus, p21 does not potently inhibit cdk4 and cdk6 in these cells either. Extrapolating from this, our data supports the notion that ErbB-2-enhanced cdk6 activity is a consequence of increased cdk6 expression (and cyclin D1), and not the altered interaction with p21 or p27. The relative inactivity of cdk4 in both cell lines appears attributable to binding and inhibition by the cdk-inhibitor p16 INK4A , which did not complex to cdk6 (Figure 6c ). Cdc2-associated kinase activity was unaffected by ErbB-2 overexpression (Figure 6b ).
ErbB-2 overexpression results in nuclear exclusion of p27, but does not affect p21
In order to assess whether cellular localization plays a part in p21 and p27 regulation, and to examine if ErbB-2 overexpression affects localization, we immunostained fixed cells for the endogenous proteins. Antip21 staining was predominantly nuclear under all conditions tested, with no detectable differences between the two cell lines (Figure 7a ). The number of cells with strong nuclear staining of p21 was dramatically increased after 4 h EGF treatment or when cells were treated with PS-341, conditions under which p21 levels are high (Figure 4a) . Thus, p21 appears to act predominantly in the nucleus, and its localization is unaffected by ErbB-2 overexpression.
In contrast, there was a striking difference in p27 localization and staining intensity between the cell lines. Most serum-starved HB4a cells had intense nuclear staining, whereas p27 appeared to be excluded from the nucleus in the C3.6 cells (Figure 7b ). Overall staining was lower in the C3.6 cells, presumably because there is less p27 expressed in these cells. Growth in 10% serum reduced nuclear staining in both cell types, although *10% of HB4a cells still retained nuclear staining. Thus, mitogen exposure not only promotes p27 degradation, but also results in its relocalization from the nucleus, a process that is enhanced by ErbB-2 overexpression.
Discussion
In this study we have used a model human mammary luminal epithelial cell system to investigate the molecular mechanisms underlying ErbB-2-mediated transformation. This system is a relevant model because the most common form of breast cancer, infiltrating ductal carcinoma, arises from the luminal epithelial cell type (Harris et al., 1999) . Moreover, most established breast tumour cell lines have multiple genetic aberrations, including ErbB-2 overexpression. By contrast, the present model consists of a non- Figure 6 Cdk2 activation is inversely correlated with p27 association, whereas cdk6 activity is determined by expression level. (a) Association of cell cycle regulators with p27. p27 was immunodepleted from serum-starved (0.1% FCS) and exponentially growing (10% FCS) cells and levels of associated proteins examined by immunoblotting. Protein levels were also compared in total cell lysates and p27-depeleted lysates. Around 80% of p27 was depeleted from starved HB4a lysates, which contained the most p27. Lysates were also probed for p16, p21 and cyclinB1 (total cell lysate controls for b and c) and phosphoERK and phosphoAkt to show relative levels of activation under these growth conditions. (b) Associated kinase activities in serum-starved and randomly growing cells. Cdk2-, cdc2-, p21-, cdk4-cdk6-and p27-associated kinase activities were compared in serum-starved (0.1% FCS) and exponentially growing (10% FCS) cells using the substrates shown. (c) Cdk4-, cdk6-and p27-associated proteins. Anti-cdk4, cdk6 and p27 IPs were blotted for associated p27, p21 and p16. Immunodepletion was around 75, 90 and 90% for anti-cdk4, -cdk6 and -p21 IPs respectively (data not shown)
ErbB-2 overexpression in luminal epithelial cells JF Timms et al transformed, immortalized cell line with a strictly luminal phenotype which has been specifically engineered to overexpress ErbB-2, but in other aspects should be identical to the parental strain. This permits a cleaner analysis of the specific effects of enhanced ErbB-2 levels on luminal epithelial cell function and phenotype.
In agreement with previous studies using other cell systems, we show that ErbB-2 overexpression enhances mitogen-dependent proliferation in luminal epithelial cells. This results from a shortening of the G1 phase of the cell cycle, and consequently early S phase entry (Figure 1) . Moreover, our data suggests that ErbB-2 overexpression enhances cell cycling and proliferative signalling in the absence of mitogens, indicative of constitutive ErbB receptor activation. Stimulation with EGFR and ErbB-3 specific ligands were found to induce similar proliferative responses and S phase entry, and these effects were enhanced by ErbB-2 overexpression. Hence, ErbB-2 augments signalling from both EGFR and ErbB-3 receptors in these cells, supporting the notion that ErbB-2 is the preferred heterodimerization partner for the other ErbB family members (Graus-Porta et al., 1997; Tzahar et al., 1996 ). While we demonstrate that ErbB-2 overexpression results in a proliferative advantage, this alone appears to be insufficient for transformation or immortalization of luminal epithelial cells. This is shown by a potent arrest of both cell types following temperature-inactivation of the large T-Ag in these cells (unpublished data). Moreover, these cells do not form tumours in nude or SCID mice (Harris et al., 1999) . Thus, it is likely that additional mutagenic events, such as pRb, p53 or p16 inactivation, are required for breast tumour formation that would be potentiated by ErbB-2-mediated hyperproliferation.
Although we (and others) observed that HRGb1 promoted cellular proliferation, some studies have shown that this ligand can cause growth arrest and apoptosis in ErbB-2 overexpressing tumour cell lines (Daly et al., , 1999 . The reason for this discrepancy is unclear, but a recent study showed that only human breast cancer cell lines expressing ErbB-4 exhibit HRG-dependent antiproliferative responses, and independently of ErbB-2 expression level (Sartor et al., 2001) . ErbB-4 is not detectable in the luminal cell lines used here, perhaps explaining the observed positive responsiveness to HRGb1.
Our analysis of down-stream signalling events in response to EGF and HRGb1 treatment shows that MAPK signalling, and not PI3K/Akt signalling, plays the crucial role in promoting the ErbB-2-mediated hyperproliferation and cell cycle progression of luminal epithelial cells. It has been reported that ErbB-2 overexpression results in constitutive activation of Akt (Hermanto et al., 2001; Zhou et al., 2000) . The reason for this discrepancy is unclear, but is likely to be due to the different cell types used in these other studies. However, we did observe increased Akt activation in exponentially growing C5.2 cells ( Figure  3d ). Since these cells express even higher levels of ErbB-2, it appears that the level of receptor determines the extent of Akt activity. We have also carried out a comparison of ErbB receptor family expression and Akt phosphorylation in multiple breast tumour cell lines (data not shown). This analysis revealed that Akt activation correlated more with ErbB-3, rather than ErbB-2 expression, in line with ErbB-3's ability to recruit PI3K in response to its activation.
EGF and HRGb1 were equipotent in promoting proliferation and S-phase entry, and both mitogens produced enhanced MAPK activation in the ErbB-2 overexpressing cells. Despite this, EGF stimulation tended to produce a lower level Akt activation in the C3.6 cells compared to HB4a, but equivalent activation in response to HRGb1 stimulation (Figure 2a) . This difference is likely to be due to the differential expression of the three ErbB receptor family members in these cells (Figure 2b ). Since only ErbB-3 possesses PI3K recruitment sites, we speculate that EGFR-ErbB- Figure 7 Cellular localization of p21 and p27 in luminal epithelial cells. (a) p21 is predominantly localized to the nucleus. Serumstarved (0.1% FCS), randomly growing (10% FCS), EGF-treated (1 nM for 4 h), and PS-341-treated (100 nM for 24 h) cells were fixed and immunostained with anti-p21 mAb. Arrows indicate nuclear staining (b) ErbB-2 overexpression promotes nuclear exclusion of p27. Serum-starved (0.1% FCS) and randomly growing (10% FCS) cells were fixed and stained with anti-p27 mAb. Two representative images are shown for each condition and similar results were obtained using another anti-p27 mAb. Images are representative of three independent experiments, and exposure times were equal for all images ErbB-2 overexpression in luminal epithelial cells JF Timms et al 3 heterodimers are formed in response to EGF in the HB4a cells, thus promoting a more robust PI3K/Akt activation. This is compared to EGF-induced activation of EGFR-ErbB-2 heterodimers in the C3.6 cells, which would be less potent for PI3K/Akt activation. HRGb1 should also favour EGFR-ErbB-3 heterodimers in the HB4a cells, but ErbB-2 -ErbB-3 heterodimers in the C3.6 cells; complexes that appear to be equipotent for PI3K/Akt activation. From this, we propose that enhanced MAPK signalling in the C3.6 cells in response to both ligands, must originate from phosphorylated ErbB-2 receptors directly, irrespective of the dimerization partner. In support of this, a previous study using these same cell lines showed that ErbB-2 overexpression enhances Grb2 and Shc association (Harris et al., 1999) , an event required to activate downstream Ras/MAPK signalling. The connection between the ErbB-2-mediated, enhanced MAPK signalling and cell cycle progression was investigated further by analysing the activity and expression of key G1 phase cell cycle regulators. Our data indicate that C3.6 hyperproliferation results from the sustained down-regulation of p27 acting in concert with up-regulation of cyclin D1, cyclin E and cdk6. Previous studies have implicated cyclin D1 up-regulation and/or p27 down-regulation in the progression of breast cancer (see Introduction), and we show that this holds true in the luminal epithelial cell type from which most breast cancers arise. Our finding that upregulation of cdk6 also plays a role in ErbB-2-mediated hyperproliferation appears to be novel, and warrants further investigation. The finding that indole-3-carbinol, which selectively abolished cdk6 expression and induced growth inhibition in MCF-7 breast cancer cells, further supports the notion that cdk6 is crucial to breast epithelial cell proliferation (Cover et al., 1998) . While ErbB-2-mediated hyperproliferation appears to depend upon MAPK signalling, our inhibitor studies show that PI3K/Akt signalling is also required for cdk2 activity ( Figure 5 ). Thus, in luminal epithelial cells, signalling through both MAPK and PI3K is required for cyclin D1 and cdk6 induction, suggesting that both pathways co-ordinately regulate cell cycle progression.
Importantly, the changes observed in these cell cycle regulators in response to ErbB-2 overexpression resulted in elevated cdk2 activity, which was the most distal downstream response that we identified. Cdk2-associated kinase activity was higher in the C3.6 cells under conditions of serum-starvation, long-term mitogen stimulation, and exponential growth, and was inversely correlated with p27-cdk2 association under these conditions, in agreement with previous reports (Lane et al., 2000; Yang et al., 2000) . Thus, p27 expression is a major determinant of ErbB-2-enhanced cdk2 activity and cell cycle progression in luminal epithelial cells. However, in these cells, assembly of cyclin D-cdk complexes is also an absolute requirement for cdk2 activity, since blocking cyclin D1 or cdk6 expression with inhibitors, abrogates cdk2 activation (Figures 4 and 5) . It has been suggested that upregulation of D-type cyclins, cdk6 and cdk4, and their complex formation, contribute to the evasion of antigrowth signals by sequestration of cdk inhibitors away from cyclin E-cdk2 complexes , and that ErbB-2 potentiates cyclin Ecdk2 activity through the regulation of p27 sequestration proteins (Lane et al., 2000) . However, we detected no significant association between p27 and cyclin D1, cdk6 or cdk4 in these cells (Figure 6 ), suggesting that expression of p27, and not its sequestration by cyclin D-cdk complexes, determines cdk2 activity and proliferative capacity.
The mechanisms of p27 regulation are not fully understood, but herein, we show that proteasomemediated degradation plays a critical role in regulating p27. Using specific inhibitors, we revealed that MAPK signalling, and not PI3K signalling, is required for this process (Figures 4 and 5 ). The exact mechanism by which MAPK signals p27 destruction is unclear, but it may do so by promoting cdk2 activity, resulting in direct p27 phosphorylation at Thr187 and targeted proteasomal degradation (Sheaff et al., 1997; Vlach et al., 1997) . However, MAPK may also directly phosphorylate this site (Lenferink et al., 2001) . In these cells, another level of p27 regulation exists, since we show that mitogenic stimulation (here meaning growth in serum) results in nuclear exclusion of p27, a process that is enhanced by ErbB-2 overexpression ( Figure 7b ). As well as partitioning p27 from its nuclear targets, relocalization may potentiate proteasomal degradation within the cytosol. We are currently investigating whether this process is regulated by the p27 phosphorylations we have identified in 2D immunoblotting experiments (data not shown).
A novel finding of this study is that induction of cdk6, and not cdk4, regulates G1-phase progression in this cell type. Cdk6 activity was higher in the C3.6 cells, but the kinase was not associated with p27 or p16 in either cell type. Thus, ErbB-2-enhanced cdk6 kinase activity appears to be a direct consequence of its increased expression. In contrast to cdk6, cdk4 expression was equivalent to both cell types, remained unchanged during mitogenic stimulation, and had very low kinase activity towards GST-pRb. This inactivity appeared to be a direct consequence of binding and inhibition by the cdk inhibitor p16. This demonstrates that cdk4 does not play a significant role in mediating cell cycle progression in mammary luminal epithelial cells, but also shows that p16 preferentially binds to cdk4, and not cdk6, in these cells.
The transcription factor c-myc was also up regulated by ErbB-2 overexpression, consistent with the elevation of MAPK signalling (Fiddes et al., 1998; Sears et al., 1999) . C-myc has been shown to promote cyclin Ecdk2 activation by enhancing cyclin E gene transcription, but also by inhibiting binding of p27 to newly formed cdk2 complexes (Perez-Roger et al., 1997) . Moreover, c-myc is required for transcriptional upregulation of cyclin D1 (Amati et al., 1998; Daksis et al., 1994) , and positively regulates cyclin D-cdk4 and -cdk6 activities (Mateyak et al., 1999) . Thus, c-myc upregulation, in response to enhanced MAPK signalling, is likely to be a critical mediator of cell cycle progression in C3.6 cells, supporting the notion that it cooperates with ErbB-2 in promoting mammary cancer (Hynes and Lane, 2001) .
The cdk inhibitor p21 was induced during G1 phase in response to our mitogen treatment, suggesting that it is required for normal cell cycle progression in these cells. The induction was predominantly MAPKdependent, and independent of p53-mediated transcription; p53 is inactivated in these cells by the SV40 large T-Ag. Surprisingly, p21 induction resulted in a potent cdk2 inhibition in mid G1 phase, a direct consequence of p21-cdk2 complex formation. However, cdk2 activity was restored prior to S phase entry in response to the proteasomal degradation of p21. Notably, the HB4a cells retained a higher level of p21 at this point, which may contribute to the lower S phase activity of cdk2 in these cells. p21 degradation was critical for S phase entry, since blocking it to promote cdk2-p21 association produced a potent G1 arrest.
Mitogenic p21 induction has been observed in several cell types, and studies suggest it is required for assembly of active cyclin D-cdk4/6 complexes (see Introduction). This is likely to be the case in our cell system, since we detected mitogen-induced cyclin D1-p21 association, without finding inhibition of cdk6 activity. Moreover, our measurement of a significant p21-associated GST-pRb kinase activity, further supports the notion that p21 acts to promote assembly of activated cyclin D1-cdk6 complexes. Although p21 invoked a temporal inhibition of cdk2, it did not appear to play a significant role in ErbB-2-mediated hyperproliferation in these cells. This contradicts a recent report which showed that ErbB-2 can relieve the growth-inhibitory properties of p21 by causing it to relocalize to the cytoplasm in response to phosphorylation by Akt . In the luminal epithelial cells used here, endogenous p21 was found to be nuclear, and to remain in the nucleus following mitogen stimulation or proteasomal inhibition ( Figure  7a ). PI3K inhibition also had no effect on p21 induction or degradation in these cells, and we can only speculate that these conflicting data are attributable to the different cell types used in each study.
In conclusion, our data show that ErbB-2 overexpression gives cells a proliferative advantage, primarily through the elevation of MAPK and c-myc signalling, to promote cdk2 activity and enhanced G1-S phase transition. This study suggests that cdk2 activity is an ideal readout of proliferative capacity in response to oncogenic transformation and a prime candidate for anti-cancer therapies. Indeed, PS-341, which potently blocked cdk2 activity in these cells, is currently in Phase I clinical trials (Adams et al., 2000) . Our data reveal that the enhanced cdk2 activation occurs because of up-regulation of cyclin D1, cyclin E and cdk6, and the degradation and relocalization of p27. These changes were dependent to a certain extent upon elevated MAPK signalling. While there are anticancer agents currently in use that inhibit MAPK signalling directly, e.g. PD184352 (Sebolt-Leopold et al., 1999), or indirectly, by blocking the ErbB-2 receptor itself, e.g. Herceptin (Mendelsohn and Baselga, 2000) , blocking the receptor or MAPK signalling may interfere with other vital cell functions. This study suggests that inhibiting downstream molecules, such as cdk2 and cdk6 directly, may more specifically target the abnormal proliferative capacity of ErbB-2 overexpressing cells, and thus be better weapons in the fight against cancer.
Materials and methods
Cell culture, mitogen stimulation and inhibitor treatment
The parental HB4a cell line was established as described (Stamps et al., 1994) . The ErbB-2 overexpressing variants C3.6 and C5.2 were derived from HB4a by stable cotransfection with full-length normal human ErbB-2 cDNA (derived from the established breast cancer cell line BT474) under the control of the MMTV-LTR promoter and SV40 polyadenylation signals (Harris et al., 1999) . Cells were maintained in RPMI-1640 with 10% FCS, 2 mM glutamine, 100 IU/ml penicillin, 100 mg/ml streptomycin (GIBCO -BRL) and 5 mg/ml hydrocortisone and insulin (Sigma, Poole, UK) at 378C in a 10% CO 2 humidifier incubator.
For stimulations, cells were starved for 36 -48 h in media containing 0.1% FCS and no insulin. Cells were stimulated with either 10% FCS (Sigma), or 1 nM EGF or 1 nM HRGb1 (both from R&D Systems) for the times indicated. The following inhibitors from Calbiochem were used: rapamycin, an inhibitor of p70S6K-mediated translational regulation; PD098059, PD184352, UO126, inhibitors of MEK and ERK1/2 signalling; and LY294002, an inhibitor of PI3K. The proteasome inhibitor PS-341 (Adams et al., 1999 ; from Dr Julian Adams, PostScript) and the translation inhibitor, cycloheximide (Sigma) were also used. Inhibitors or DMSO (control) were added 30 min prior to growth factor addition, and were used at the concentrations shown.
Proliferation assays and flow cytometry
Cells were seeded by 10% FCS-containing media in triplicate into 12-well plates at the densities shown, or at 2.5610 4 cells per well. At the indicated times, cells were trypsinized and viable cells (Trypan blue-excluding) counted using a haemocytometer. For flow cytometric analysis of DNA content, cells were trypsinized, fixed in 70% methanol at 7208C, and stained for 30 min at room temperature with 40 mg/ml propidium iodide (Calbiochem) plus 500 mg/ml RNAase (DNase-free; Sigma) in PBS. 1610 4 cells from each sample were analysed for DNA content using a Becton Dickinson FACSCaliber instrument. The percentage of gated cells in G0/G1, S and G2/M phases were determined using CellQuest software.
Immunoblotting, immunoprecipitation and in vitro kinase assays Cells were washed in PBS and scraped into lysis buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 1% NP40, 1 mM EDTA, 2 mM sodium orthovanadate, 100 mg/ml AEBSF, 17 mg.ml aprotinin, 1 mg/ml leupeptin, 1 mg/ml pepstatin, 5 mM fenvalerate, 5 mM BpVphen and 1 mM okadaic acid). Lysates were clarified by centrifugation at 14 000 g for 10 min at 48C and protein concentrations determined using the Coomassie Protein Assay Reagent (Pierce).
